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Abstract 

In this paper we report the first self-aligned vertical implant-diffused (VID) and lateral implant - 
diffused OLID) MOSFET test structures in 4H-SiC by using the differing diffusivities of implanted 
boron and nitrogen in silicon carbide. Boron diffusion was studied with and without nitrogen co- 
implants. The optimal diffusion conditions resulted in a 1 \xm lateral diffusion width. A blocking 
voltage of 300 V was achieved in these test structures with a blocking layer thickness of only about 
2^m. 

Introduction 

Because of the high performance, reliability of design, and the relative ease in fabrication 
obtained by using diffusion to form a self-aligned gate, the self-aligned DMOS structure is the most 
common power MOSFET design produced in the Si industry. The reason this structure has 
classically not been considered for SiC MOSFETs was because of the extreme temperatures required 
for obtaining significant dopant diffusion in SiC. At these temperatures, severe degradation of the 
SiC surface can occur, resulting in step bunching and silicon evaporation. 

All SiC DMOSFETs reported to date have utilized a double implanted MOS (DIMOS) [1-3] 
structure instead of the conventional, less expensive, diffused MOS (DMOS) structure with a self- 
aligned channel. The DIMOS structure requires separate implant masks for the formation of the 
source and channel regions. In addition, these devices have demonstrated relatively low channel # 
mobility, a possibly due to damage imparted to the channel by the implantation process. Unlike Si, it 
is difficult to fully remove this implant damage in SiC. This damage can degrade the mobility 
severely through the implanted regions. 

Thus, a diffused DMOSFET should have substantial fabrication and performance advantages 
over the DIMOS device. The first step in pursuing such a device is to understand and control the 
dopant diffusion. Boron was chosen as the dopant species because it acts as a p-type dopant in 
SiC, and diffuses more easily than Al, the other common p-type dopant in SiC. 

Dopant Diffusion 

The difTusivity of implanted boron and nitrogen in 4H-SiC at different implantation conditions 
(same depth of B and N; B deeper then N; B shallower then N; different orde^and temperature 
during implants) and annealing conditions (temperature range of 1500 - 1700°C for 5-30 
minutes) was measured via SIMS. The most relevant profiles are shown in Figs. I and 2. 

Fig. la. shows the diffusion in the "tail" region of the implanted B (90 keV, 2.0 x 10 1J cm* 2 ) 
during a 1700°C anneal for 30 minutes. The boron diffused in this region at anneal temperatures in 
excess of 1 500°C, and did not vary significantly for anneal temperatures between 1 500°C and 
1700°C. It was found that boron diffuses during the first few minutes of the anneal with an effective 
diffusion coefficient of 2 x 10" 12 cm 2 /sec, and then is fairly stable. 

The same boron diffusivity was observed in this "tail" region when the B (00 keV, 2.0 x 10 N cm* 
l ) was co-implanted with N (150 keV, 1.8 x I0 14 cm*"). However, the boron diffusion concentration 
stalls at I x 1() 17 cm*\ instead of the 1 x 10 1 * cm** observed without the co-implants. This implies 
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that nitrogen co-implants can be used for control of the boron diffusivity in the "tail" region, 
a) b) 
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Figure 1 SIMS data for B implants into 4H-SiC before and after annealing at I700°C for 30 minutes a) with and 
without N co-unplants along the (0001) axis; b) along the (J 120) axis. 

Fig. lb demonstrates that the diffusion of implanted B (90 keV, 2.0 x 10 1 " cm' 2 ) depends on the 

n^n^T^"-- Dl ^i 0n , alon , g the (1 120 > " is is Iower than in th * (0001) «is ; For 3fe 
DMOSFET, diffusion ,n the lateral direction will be along the (1 120) and (1 100) axes This lateral 
diffusion does not demonstrate the long tail observed in the vertical diffusion" 

_ Diffusion of boron towards the surface is important for two reasons: 1) the boron can evanorat? 
from the surface dramatically reducing the amount available for diffusion 'into th EST 

.SSSh£; the ^ • ireC 2 i0n ° f 3 DM . 0SFET 2) the boron can compenSe c 0 f 
implanted nitrogen, increasing the source resistance. . 

r* m S 9 t™ h ri th t B di ^ S '°!l '"• the n ? ar - surface re S'on- Fig. 2a illustrates the effect of anneal 
temperature on the boron distribution using 1 500, 1600. and 1700°C anneals for 10 minuter These 

Xr S lu cm *?. d 60 keV - 2 5 x 10 cm )• ^ show n on Fig.2a, implanting NT 

nmor ^ du « s . th ? f ev aporat.on of boron through the surface during anneals up to Wc At 
1 700°C, the B significantly diffuses towards the surface. 
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Fig 2. B and N disiribuiions as measured via SIMS after annealing al a) at I500°C \(M)'C or I700<>C 
for 10 minutes and b)ai l600 0 Cfor5. 10 or 20 minutes. 

In Fig^ 2b the B does not diffuse towards the surface during the 1 600°C anneal for 5 or 1 0 
minutes, but does during the 20 minute anneal. Although not illustrated in these figures B annealed 
c^and evaporated " ^ surftce with a concentration level Sou? I x 

The diffusion of nitrogen in SiC was negligible and can be used as a reference for identifying 
etching or growing processes dunng an anneal. As reported by T. Troffer et. al. [51 a boron peak 
w,th.n 40 am of the surface was measured. However, this peak can be the result of a urowin" 
process dunng an anneal in the prepense of SiC vapor, as identified by using the N pc\ik as a 
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reference or "marker" as shown on Fig. I a near the surface. 
DMOS Device 

DMOS test structures and FETs were fabricated with 3 \im thick epilayers (N d -N a = 2.2E15 cm°) 
on n-type substrates (N d -N a = 3E18 cm' 5 ) by using B + (I80 keV, 4EI5 cnT) and N* (25 and 60 keV 
with 1.5 and 2.5E14 cm" 2 , respectively) implants into the same well at room temperature and anneals 
in the temperature range of 1 500 - 1700 °C for 5 - 30 minutes. The cross section and top view of the 
DMOSFET are shown in Figure 2. The source-drain spacing varied from 0.5 to 30 \im. The gate 
oxide was 25 nm thick. 
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Fig.3. a.) Cross-sectional and b.) top-view of the test structure design for a vertical and lateral 4H-SiC n-channel 
implant diffused DMOSFET. 

An example of one of the designs for this DMOSFET test structure is shown in Fig. 3, in both a 
cross-sectional and planar-view, with some of the critical dimensions. Two different structures for 
two different measurement techniques were designed in order to accurately determine the lateral 
boron diffusion distance. The first design consisted of a combined vertical and lateral MOSFET 
structure. Referring to Fig. 3, the first test structure consists of the Source, Gate, Drain-Lat (lateral) 
and Drain-Vert (vertical) regions. By incrementally narrowing the Source-to-Drain_Lat spacing, the 
test structure is transformed from a vertical MOSFET to a* lateral MOSFET. Initially, with a Source- 
Drain_Lat spacing of 30 pm, the Source and DrairiJVert nodes act as the source and drain, 
respectively, of a vertical MOSFET. The diffused p-type boron region acts as the channel of the n- 
channel MOSFET. 

As the Drain_Lat region is moved closer to the Source region, at some point the two p-type boron 
regions merge, cfeating a. channel between the Source and the Drain_Lat regions; hence a lateral 
MOSFET device. As shown in the figure, the Drain-Lat contact overlaps the n" and p" regions of the 
drain, creating a substrate tie-down for the lateral device. By characterizing the 4-terminal device (3 
top + bottom) and noting at which Source-Drain_Lat spacing the transition was made from a vertical 
to a lateral MOSFET, the boron diffusion distance could be determined. The maximum spacing was 
30 pm and the minimum was 0.5 pm, with 0. 1 increments in between these values for each reticle. 

The second method for verifying the boron diffusion distance can be seen in Fig. 3b. A 2- 
terminal device is formed between the n-type region (labeled Contact) and the Drain_Vert region. 
The contact is incrementally stretched from the n-type nitrogen region, across the p-type boron 
region, and eventually to the n- epi.layer. Initially, the Contact is fully enclosed by the n-type 
nitrogen region, creating an NPN transistor where the n-type nitrogen implant is the emitter, the 
diffused p-type boron region is the floating base, and the n-epilayer is the collector. Because there 
are back-to-back diodes, no current can be measured vertically through the chip. As the edge of the 
contact is stretched across the nitrogen-boron junction, the emitter and base regions are shorted 
together, yielding a diode between Contact and Drain_Vert, and the pn junction I-V characteristics 
can be observed. Finally, as the edge of the contact is stretched past the diffused boron region, the 
emitter, base and collector of the NPN device are shorted together, creating a resistive short between 
Contact and Drain Vert. By characterizing the 2-terminal device and noting at which contact- 
overlap spacing the transition was made from a diode to a resistor, the boron diffusion distance could 
be determined. 

The channel length was determined to be about 1.0 ^m (thus the lateral boron diffusion length in 
excess of nitrogen diffusion was about 1 .0 jim). The annealing condition that yielded this result was 
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The DMOSFETs had a p-type channel surface concentration of about 2 s •* in 18 ^ • 
by the relatively high threshold voltage of V 0 = +6V and the gate oxide th c ne of 25 n'm Fiai're' 
4a demonstrates the standard MOSFET characteristics that were observed ^h excellent current 
saturate .nd.catmg that there were no short-channel effects. The on-curreTat V c J " 8 C 
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Conclusions 
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